Organic polymer thermoelectrics (TE) as well as transition metal (TM) silicides are two thermoelectric class of materials of interest because they are composed of atomic elements of high abundance; which is a prerequisite for mass implementation of thermoelectric (TE) solutions for solar and waste heat recovery. But both materials have drawbacks when it comes to finding low-cost manufacturing. The metal silicide needs high temperature (>1000 ο C) for creating TE legs in a device from solid powder, but it is easy to achieve long TE legs in this case. On the contrary, organic TEs are synthesized at low temperature from solution. However, it is difficult to form long legs or thick films because of their low solubility. In this work, we propose a novel method for the room temperature synthesis of TE composite containing the microparticles of chromium disilicide; CrSi2 (inorganic filler) in an organic matrix of nanofibrillated cellulose-poly(3,4-ethyelenedioxythiophene)-polystyrene sulfonate (NFC-PEDOT:PSS). With this method, it is easy to create long TE legs in a room temperature process.
Introduction:
Thermoelectric (TE) energy converters are actively explored because of the global demand for renewable and affordable energy resources. Today's electricity production through heat engines and turbines waste 55% of the primary energy sources in the form of thermal energy. Waste heat and solar heat constitute an untapped energy source for our society.
Thermoelectric generators (TEG) have key advantages over organic Rankine cycle, such as, no moving parts as they are solid-state electronic devices. Another area in need of autonomous energy sources is the emergence of mobile electronic devices with extended concepts such as internet-of-thing and internet-of-everything where many sensors need to be powered in networks. Practical TEGs consist of multiple n-and p-type TE legs connected electrically in series and thermally in parallel. The maximum efficiency of a TEG is proportional to (1+ZT) 1/2 , where the dimensionless figure of merit ZT, of the material is ZT= α 2 σT/κ (α,σ, κ and T are the Seebeck coefficient, electrical conductivity, thermal conductivity and the absolute temperature respectively). Presently the state-of-the-art TEGs are based on inorganic materials. For the low temperature T < 250 ⁰C, alloys based on bismuth telluride, containing elements of moderate to high toxicity such as tellurium, antimony and lead, show ZT up to 1.2 at room temperature [1, 2] . Such, bulk thermoelectric elements prepared by dicing and extrusion are traditionally assembled by pick-and-place methods, have limited cost-effective scalability. Alternative technology based on micro-fabrication involves expensive and complicated processes like lithography and thin-film deposition and is limited to the microscale regime [3] [4] [5] [6] . Typically, 50% of the cost of a TE module comes from the material and the other half from the manufacturing process. It is thus obvious that the mass implementation of TEGs requires breakthroughs in both material science and engineering. Interesting attempts have been made to propose printing technology to create p-and n-leg with inorganic TE paste of bismuth telluride alloys [3] .
One of the potential breakthroughs is related to the discovery that organic conducting polymers display promising TE properties [7, 8] . In addition to their competitive properties with respect to the inorganic counterparts in the temperature below 150 ο C, they are composed of naturally abundant elements and well suited for the widespread, well established solution based manufacturing facilities [9] . Among the various conducting polymers, PEDOT There are however two challenges for organic TEs. The first is that the power factor is limited by the low α of these polymers; while the ratio of the electrical to the thermal conductivity is similar to Bi2Te3 alloys [14] . The second bottleneck is that conducting polymer TEs is today optimized as a thin film technology. The reason is that conducting polymers are formulated in inks of low solid content. Lateral architecture has been proposed to create TE modules by printing conducting polymer layers of the order of 1-2 micron thick on a thin substrate, then cutting, folding or rolling the devices (Fig.1a) . The advantage is that the temperature gradient, and thus the voltage can be large due to the long legs, but the internal resistance limits the power. To maximize power, it is preferable to keep the classical vertical architecture (Fig. 1b) , and create thick vertical legs. The problem is that 10 to 100 printing/drying steps are needed to reach length of the legs of the order of 30-300 µm. This limits the throughput of the manufacturing process. Thick legs are crucial to keep a decently large temperature gradient, note that large temperature gradient also improves the conversion efficiency.
Our goal is to find a method combining mass-manufacturing by printing for patterning legs on large area, and a subsequent low temperature/high pressure treatment for sintering the legs in the devices (Fig.1 c) . So, our goal is to avoid high temperature annealing, which leads to cost increase and a dramatic CO2 fingerprint upon manufacturing TEG. For that, we turn to composites between organic and inorganic TE materials. Inorganic nanoparticles are explored for making inks in application such as printed electronics, but again, the solid content of those inks is very low (few percent in volume) [15, 16] . One other issue of nanocomposites made of inorganic nanoparticles and conducting polymers is the large numbers of inorganic-organic interfaces, at which reside an electronic energy barrier. For TEs, charges should be transported in both the organic and inorganic phases, hence it is challenging to have a pure ohmic contact between the inorganic nanoparticles and the organic conducting matrix. Instead, most of the inorganic nanoparticles possess an insulating oxide layer which leads to large contact resistance, preventing the charge carriers to actually travel in the inorganic domains.
In this work, we found a low temperature method (< 150 ο C) to prepare thick leg of a TE micro-composite (schematic shown in Fig. 2a ) made of microparticles of chromium disilicide (CrSi2) and microparticles of a conducting aerogel based on cellulose and the conducting polymer (poly(3,4-ethyelenedioxythiophene)-polystyrene sulfonate; PEDOT:PSS)
at temperature below 150 ο C. CrSi2 has been chosen for the high natural abundance of its atomic elements and its resistance to oxidation [17] and high TE power factor (~1 mWm -1 K -2 ) [18] . Fig. 2b , c, and d show the chemical structure of PEDOT:PSS, crystal structure of CrSi2 [19] , and chemical structure of NFC respectively. This method avoids the high temperature sintering methods (such as spark plasma sintering or hot uniaxial pressing using induction furnace) necessary for the bulk silicides and secondly the large number of printing steps needed for achieving thick leg with polymer TEs.
Experimental Approach

Formation of pellets, Microstructural and TE Characterization:
The composite pellets were prepared at a pressure of 100 MPa at room temperature for 3 min and were typically 10mm in diameter and 1 mm thick. The surface morphology of powders and pellet samples was studied using scanning electron microscope; SEM (LEO 1550 Gemini) and the elemental compositional analysis was carried out using the attached energy dispersed analysis of X-rays (EDX). The electrical conductivity of the composite pellet was measured at room temperature using the van der Pauw technique. Four carbon point electrodes at the perimeter of the pellet were used in the van der Pauw square geometry (shown in Supporting information Fig. S1 ) with distance between the adjacent contacts as 5.7 mm. Keithley Source meter 2400 was used for the measurement. The details of the measurements are described in the supporting information. The Seebeck coefficient (α = Voc/∆T) was measured using the inhouse built measurement system at room temperature. Temperature difference (∆T) was applied to the sample by placing it in between a pair of Peltier elements and the corresponding open circuit voltage (Voc) was measured using Keithley Nanovoltmeter 2182A.
Thermocouples were used for the measurement of ∆T.
Synthesis of NFC-PEDOT:PSS aerogel microparticles:
NFC-PEDOT:PSS microparticles were obtained by spraying a mixed dispersion into liquid nitrogen. NFC was prepared according to the method described in [20] excluding the carboxymethylation process. The resulting NFC dispersion (conc 2.1 %) and a PEDOT:PSS dispersion (conc 1.3%) was mixed to have a ratio of 50-50 NFC-PEDOT:PSS, using a dispersing instrument (ULTRA-TURRAX T25, IKA®-Werke GmbH & Co. KG). The mixture was then sprayed into liquid nitrogen in a Teflon tape coated Styrofoam box to instantly freeze the NFC-PEDOT:PSS gel particles. The frozen particles were then collected and dried by sublimation, i.e. freeze drying.
Results.
CrSi2 is a highly degenerated p-type semiconductor with a narrow forbidden band gap of 0.29-0.35 eV [21] and its hole mobility is 100 times more than the electron mobility temperature (1250 ο C) for 5 min to the powder [27] . The resulting pellet has σ of 800 S/cm and α of 110 µV/K (at room temperature). We tried to pelletize the powder at low temperature in order to characterize the TE properties of the CrSi2 powder as a reference measurement since the goal is to find a manufacturing method to create thick legs at low temperature. But the resulting pellet was so fragile that it collapsed upon manipulation, it was thus impossible to characterize it.
After this brief identification of the properties and challenge to deal with low temperature process of inorganic materials, we hope that using conducting polymer might be a way to create a robust solid pellet of good TE properties. Besides the manufacturing challenge, which is the focus of this manuscript, we want to point out another potential advantage of the composite strategy. Indeed, CrSi2 has a modest ZT value mostly because of its high thermal conductivity (κ = 12.5 Wm -1 K -1 ). Hence combining with conducting polymer such as PEDOT:PSS of low thermal conductivity (κ = 1.0 Wm -1 K -1 ) [28] , we expect to obtain a solid composite of low thermal conductivity and decent power factor. Hence the composite approach is aimed with the intention of possible overall reduction of the κ (due to the polymer incorporation in the silicide matrix), while increasing the α compared to the polymer alone, thus maintaining decent power factor (α 2 σ ) and going one step towards the optimized TE property in thick legs obtained by a low temperature process.
The question is how to fabricate such a composite at low temperature. We first investigated various methods to combine the microparticles of CrSi2 fillers with PEDOT:PSS. PEDOT:PSS is commercially available as an aqueous dispersion with 1.3 wt. % of polymer. (Trademark:
Clevios PH1000). The water dispersion is composed of mostly large particles as indicated by the diffusion light scattering (200-700nm) [29] . In the Method 1 (see Table 1 ), the CrSi2 powder (particle size ≤ 40 µm) was physically mixed with the aqueous PEDOT:PSS solution in order to have a solid content ratio of 90% CrSi2 and 10% PEDOT:PSS. After evaporation of the water at 100 ο C, the powder obtained was pelletized at a pressure of 100 MPa for 3 min.
The pellet was fragile and difficult to handle. The measured σ was 1.5 ± 0.2 S/cm; which is much lower than PEDOT:PSS or CrSi2 alone. The α was 78 ± 8µV/K, i.e. smaller than CrSi2
(110µV/K) but much higher than PEDOT:PSS (20µV/K). Although the high value of α is encouraging, this method is clearly not appropriate for scaling up manufacturing of a TE device since the water evaporation is time consuming. In the Method 2, we first obtain a powder of PEDOT:PSS by freeze drying. The resulting material is an aerogel composed of micro-flakes of PEDOT:PSS (See Fig. 3b ). The SEM image reveals that the flakes are about 100 micron in size but very thin (~1micron). The aerogel is fragile and easily smashed into a powder. The PEDOT:PSS powder and CrSi2 powder are then physically mixed and pelletized at room temperature (P = 100 MPa for 3 min). The resulting micro-composite pellet is again fragile like in the Method 1 and has about the same σ as in the Method 1 (1.2±0.1 S/cm) but lower α (42 ± 4µV/K). So, the Method 2 has the advantage to avoid the slow water evaporation step in the manufacturing of devices but the powder microparticles barely stay together as a solid, despite the very high applied pressure (Fig. 1c) . Therefore in the third approach, a binder is required to hold together the CrSi2 microparticles. In Method 3, we first synthesize aerogel microparticles made of cellulose nanofibrills (NFC). Nanofibrills of cellulose are obtained by the method described in ref [20] excluding the carboxymethylation process. The NFC form a stable dispersion in water (2.1 wt. %). The nanofibers are about 10-20 nm in diameters and of length distribution around 0.5-2 microns. The NFC microparticles were obtained by spray drying the NFC emulsion under liquid N2 (Fig. 4a) . The SEM images of the NFC microparticles are shown in Fig. 4b , which displays particles of average diameter 50 µm and a broad diameter distribution from ~10 µm to ~100 µm. At high magnification, one can clearly see that each particle is extremely porous composed of ultrathin walls (Fig. 4c) . Applying a low pressure on those microparticles dramatically changes their shape, as illustrated by the SEM image in Fig.   4d , of the smashed NFC microparticles. The magnified image indeed reveals a higher density of cellulose fiber walls (Fig. 4e) . Hence the NFC aerogel microparticles are easily deformable in a non-elastic manner and actually form like a continuous solid where it becomes difficult to distinguish the original particles. NFC is a nanofiber scaffold system with remarkably high toughness with a large strain-to-failure [30] . So, we aim at combining both the robust mechanical properties of the nanofibers and the possibility to press aerogel microparticles (aerogel of NFC) in order to hold together the CrSi2 microparticles. In Method 3, the NFC microparticles were mixed with the silicide powder. The powder mixture (90 wt. % CrSi2, 10
wt. % NFC) was pressed under the similar conditions as the previous methods (T= room temperature, P=100 MPa for 3 min) and this time results in a strong pellet with a σ of 2.9 ± 0.3 S/cm and a α of 105 ± 11 µV/K; which is almost the α of a hot pressed pellet of CrSi2
(110 µV/K). Hence even if the NFC is an electrical insulator, the conductivity is as high as with the PEDOT:PSS alone; which indicates the key role of having a good binder to keep the CrSi2 close to each other.
Though NFC aerogel microparticle seems to play the role of mechanical binder, it is an electrical insulator that actually forms insulating layer between the CrSi2 particles, thus limiting the electrical contact between the metal silicide microparticles. Hence, in this section, we discuss various strategies to make those NFC aerogel to electrically conduct by adding PEDOT:PSS into them. Interestingly, we demonstrated recently the affinity of PEDOT:PSS water dispersion to absorb into large piece of NFC aerogel. This strategy was used to create the first TE compressible polymer aerogels [31] . Based on this concept, as Method 1 (Fig. 5a ),
we mixed the NFC microparticles into the PEDOT:PSS water emulsion. After we dried the aerogel blend, a pellet was fabricated at room temperature and it possessed a low conductivity of 1.7± 2 S/cm, and Seebeck coefficient of 16 ± 2µV/K. Here, not only the conductivity is low but also this strategy is very time inefficient since there is a lot of water in the spongeous NFC microparticles that is difficult to dry. Hence, we decided in Method 2 to mix the NFC water dispersion (2.1 wt. %) with the PEDOT:PSS water dispersion (1.3wt. %) in order to get a ratio of 50-50 NFC-PEDOT:PSS using a dispersing instrument. After the mixed dispersion was sprayed into liquid nitrogen the resulting NFC-PEDOT:PSS aerogel microparticles (Fig. 5b) ,
were very similar in shape to the NFC-only aerogel microparticles (Fig. 4b) . The microparticles were pelletized (T= room temperature, P = 100 MPa for 3 min) to give a solid of σ, 4.8 ± 0.5 S/cm, and α of 21 ± 2 µV/K. It is well known that PEDOT:PSS films made of only PEDOT:PSS emulsion do not reach more than few S/cm [32] . But it is also known that using high boiling solvent such as dimethylsulfoxide (DMSO) boost the conductivity by up to three orders of magnitude in a so-called secondary doping effect [33] . This is not related to a true doping (changing the oxidation level of the polymer), but is a morphological effect. This secondary dopant impacts the nano-and micromorphology of PEDOT:PSS by improving crystallinity (π-stacking) and promoting phase separation of the PSS in excess to promote the creation of highly conductive percolation paths. DMSO treatment was done in two ways. In Method 3, DMSO was added to the NFC-PEDOT:PSS microparticles and heated at 120 -140 ο C till they are dry, followed by cold pressing. The conductivity of the pellet is slightly improved by the treatment (σ = 16 ± 2 S/cm, α = 13 ± 1 µV/K). In Method 4, the whole NFC-PEDOT:PSS pellet was treated with the DMSO after cold pressing, followed by heating at 120-140 ο C. In Method 3, the phase separated PSS is left in the mixture before pressing and in the second case (Method 4), excess PSS is washed away in DMSO, hence the conductivity enhancement in the latter case was more pronounced compared to the first one. The Method 4 is the best method ( Fig.   5a ) among those tried and leads to a conductivity 70± 7 S/cm, and Seebeck coefficient of 14± 1 µV/K. The SEM images (see Fig. S3 ) are very similar for all the NFC-PEDOT:PSS samples.
We are finally ready to fabricate micro-composite pellets made of CrSi2 microparticles (black in Fig. 6a ) and NFC-PEDOT:PSS aerogel microparticles (blue). Fig. 6a shows the conceptual image of this new method. Before applying a pressure, the inorganic metal silicides are in poor mechanical and electrical contact. The conductivity of such composite is poor. The resistance of the pellets is about 1000 Ohms. Upon applying a pressure, the resistance dramatically decreases (Fig. 6b) . The resulting resistance is so low that it saturates at few Ohms. At these low values, the total resistance measured becomes limited by the contact resistance of the external electrodes with the pellet. The details of the determination of contact resistance have been described in the supporting information. The dramatic drop in resistance is attributed to the fact that the conducting aerogel NFC-PEDOT:PSS microparticles are smashed and tend to form a continuum phase to provide good electrical contact between the CrSi2 microparticles. For the sake of comparison, we also report the evolution of the resistance of a powder made of the CrSi2 microparticles and the NFC aerogel microparticles.
Because there is no PEDOT:PSS, the resistance of the unpressed pellet is extremely high (10 8 Ω) but also decreases abruptly because CrSi2 particles are brought closer to each other and conducting percolation paths are created. However, the resistance of the compressed pellet reaches only ~1000 Ω, which is three orders of magnitude larger than that in the presence of PEDOT:PSS.
SEM micrographs of the composite pellet are displayed in Fig. 7a and 7b . NFC-PEDOT:PSS (soft) microparticles are seen in between the CrSi2 microparticles (hard particles).
The NFC-PEDOT:PSS is seen to wet the silicide microparticle resulting in the intimate contact between them, thus ensuring good electrical contact. The chemical composition of the apparent soft and hard areas is extracted from the Energy-dispersive X-ray (EDX) spectrum (Fig. 7c) .
The area on a hard particle is indeed composed of Cr and Si atoms; while the soft matrix is composed of C, O and S corresponding to PEDOT:PSS and NFC.
The CrSi2 microparticles were manually mixed with the NFC-PEDOT:PSS microparticles in various ratio followed by the uniaxial pressing under 100 MPa for 3 min. The σ , α and α 2 σ of the composite pellet as a function of percentage of CrSi2 is represented in Fig.   8a . In the absence of the silicide, σ and α are 4.8 ± 0.5 S/cm and 21± 2 µV/K respectively. The Seebeck coefficient is given by the conducting PEDOT:PSS leading the charge transport. As the CrSi2 content increases, the σ does not vary much, but the Seebeck coefficient increases with the silicide content up to 88 ± 9 µV/K; while the conductivity only reaches 5.4± 0.5 S/cm.
Hence, in this composite it is clear that the power factor is improved significantly up to α 2 σ= 4 ± 1 µWm -1 K -2 because of the Seebeck coefficient enhancement due to the presence of CrSi2.
It is important to note that the composites exhibit isotropic behavior in their electrical conductivity and Seebeck coefficient values. The values of α obtained in the measurements carried out both parallel and perpendicular to the thickness of the composite pellet were not more than 4-5 % from each other. In addition, the perpendicular and parallel σ are of the same order of magnitude, further indicating the isotropy in the samples.The highest power factor is obtained for 90% CrSi2 composition. This indicates that it is important to get just the minimum amount of conducting organic binder, likely because the electrical conductivity of the NFC-PEDOT:PSS compressed microparticles is lower than that of the pure CrSi2 microparticles.
But there is certainly a positive effect of the NFC-PEDOT:PSS binder on the conductivity. Fig.   8b shows the effect of DMSO treatment (Method 4) on the micro-composite pellets. The microcomposite shows an overall increase in σ compared to the pristine situation, but the α was less (10-20 µV/K), thus indicating the domination of conducting polymer in the composite property.
Hence this method was not used in the present case. In a coming study, we will investigate the effect on the thermal conductivity. For the best composition, the pellet is then connected to a load resistance and submitted to a temperature gradient (Fig. 8c inset) . The diameter of the pellet is 10 mm and thickness 2 mm. In order to obtain the maximum generated power, the load resistance is chosen to be equal to the resistance of the pellet (internal resistance Rint= RL =1.35
Ohms). It is important to note that the internal resistance mentioned includes the contact resistance and other electrical junctions that result in the voltage drop, adversely affecting maximum power transfer to the load. The power increases quadratically with ΔT up 32 ο C and reaches 0.6 ± 0.1µW/cm 2 as shown in Fig. 8c .
Conclusions
A room temperature method has been developed for the synthesis of a TE composite containing the microparticles of CrSi2 (inorganic filler) in an organic matrix of NFC-PEDOT:PSS. Besides rendering stability to the composite structure, the NFC-PEDOT:PSS aerogel microparticles assist in electrical contact between the silicide microparticles, thus avoiding the use of complicated and expensive high temperature processing generally used in those materials. The latter is known to lead to a cost increase and a large CO2 fingerprint upon manufacturing TEG. The higest σ of 5.4 ± 0.5 S/cm and α of 88 ± 9 µV/K has been measured for the composite with the correspoding α 2 σ of 4 ± 1 µWm
at room temperature. At a tempearture difference of 32 ο C, the output power /unit area drawn across the load with the resistance same as the internal resistance of the device is 0.6 ± 0.1 µW/cm 2 . Even though the power factor of the composite is low compared to its components, it demonstartes a promising route for the low cost production of environmental friendly, bulk composites enabling the transition to a truly viable technology compatible with massmanufacturing by printing for patterning legs on large area, and a subsequent low temperature/high pressure treatment for sintering the legs in the devices. 
Determination of the Contact Resistance.
Contact resistance was calculated by measuring the two probe resistance of the composite pellet while pressing under different applied load pressure. It is important to note that there was no carbon paste used for this study, instead the contact was purely due to the mechanical force. Between the Ni-Fe metal die and the material. Fig. S4 shows the resistance of the pellet under various applied load mass for different thicknesses of the pellets. Note that in porous materials JCPDS 00-035-0781
submitted to high pressure has a strain-pressure relationship that is non-linear [2] . As a consequence, the evolution of the resistance versus thickness is non-linear as shown in Fig. S5 . In first approximation, we used an exponential dependence of the resistance with thickness, from which the contact resistance was estimated by the intercept of the extrapolated curve on the resistance axis. Fig. S6 shows the estimated contact resistance as a function of load. Contact resistance varies exponentially with the applied load and the value reaches ~ 0.6 Ω at 100kg load. 
